Bistable smectic-A (SmA) liquid crystal display (LCD) is one of the most promising devices for smart glass applications due to long-term bistability, low haze at clear state, low transmittance at scatter state and low power consumption. The need of a good simulation model for an LCD becomes apparent during the design of driving system. Liquid crystal (LC) capacitance is critical in the simulation of LCD pixels and is voltage dependent due to the crystal characteristics. Bistable smectic-A LC capacitance model is introduced in the paper. The study describes the most relevant conclusions obtained from the measurements of electric properties of bistable SmA LCD samples and electric equivalent circuit characterization.
INTRODUCTION
Simple parallel RC circuits usually represent the behaviour of liquid crystal displays (LCD) in a variety of situations. These electric circuits are of great practical interest, since they can be used in countless applications ranging from theoretical studies to simulations of LCD elements [1] molecular director axis parallel the surface of the cell.
Due to the anisotropy of LC material, the liquid crystal capacitance is not constant. It varies from a minimum capacitance when no voltage is applied across the LC cell to a maximum capacitance when the LC cell is fully turned on [2] . Thus, the liquid crystal capacitance is bias and time dependent. This mechanism has been thoroughly analysed by some liquid crystal manufacturers and laboratories. However, the formulation is very dependent on the specific liquid crystal type [2] , [3] .
One particular feature of SmA liquid crystals is a marked hysteresis in their switching to the extent that dielectric re-orientation (or other disturbances of the smectic structure) does not relax when the electric field is removed, dielectrically re-oriented SmA liquid crystals remain in the driven state until further forces are applied [4] - [6] . This is explained via reference of the nature of the processes, which are used to drive such liquid crystals [7] , [8] .
Existing studies do not provide detailed information on bistable SmA LC operational, electrical properties. Contrary to a majority of studies that have been conducted using small samples <50x50mm, the present research is based on 300x400mm large bistable SmA LC devices. The main goal of the current research is to determine equivalent electric circuit component parameters to simulate a SmA LCD cell, i.e., to create a simulation model which could help in designing a new driving system for SmA LCDs.
EXPERIMENTAL PART
A total of two different experimental series have been performed. For these experiments, bistable SmA LCDs have been manufactured by EuroLCDs Ltd. (see parameters in Table 1 and Table 2 ). LCDs have 300x400mm outer dimensions and active area equally divided into 8 pixels (one pixel is 95x275mm), which can be switched individually or as a single unit if they are connected in parallel [9] , [10] . To maintain a constant cell gap, 15µm plastic ball spacers with density of 10pcs/mm 2 have been used. LCs have been supplied by Dow Corning Corporation [7] , [8] .
Previous study on operational properties showed that the working voltage of bistable SmA LCDs was 13V/µm, clear (transparent or also known as homeotropic) state frequency was 600Hz and scatter (light scattering or also known as focal conic) state frequency was 30Hz [12] . The LC cell can be considered as an ideal capacitor. Due to its construction, it is very similar to a flat capacitor, where both plates are made up of two indium tin oxide (ITO) layers and between them there is LC material with [10] . More precisely is to take into account conductivity loss and LC cell approximation in a narrow band with a non-ideal capacitor model ( Fig. 3) , where R is the electrical resistance of the output (ITO layer and dielectric) and C is the electrical capacity of a flat capacitor. By adding additional R and C elements, a model describing the LC cell up to a frequency range of 10 -1 -10 7 Hz can be obtained [1] , molecular director axis parallel the surface of the cell. The first experiment has been devoted to obtaining that mainly consists of conducting, transparent layer, ITO resistance measured in ohms per square (Ω/ sq). Typical values are 40-100Ω/sq. The thicker ITO layer, the lower resistance and optical transmittance and vice versa. To achieve high optical transmittance and good conductivity, ITO resistance must be chosen between 80-100Ω/sq. Additionally, ITO layer must be patterned to reduce LC breakdown. ITO must be patterned in strips such that the resistance of the strips would increase, thus lowering the current in the series. The great benefit of using patterned electrode is that the overall resistance of the cell does not change, and the capacitive charging times of the cell are not affected. Unfortunately, the patterning is visible to the eye since it scatters light. Compromise between the optical quality and electrical properties should be found [11] , [13] . Bistable displays, in which an altering field at different frequencies is used for switching from clear to scattering states and vice versa, require electric fields at around 10 V/μm for operation. When operated at such high voltages an electrical breakdown is very likely to occur in the liquid crystal (LC).
Equivalent series resistance (Eq. 1) can be determined by rapidly applying voltage and measuring the voltage on a series-connected resistor ( (see Figs. 2 and 3) . At the first moment of time is a short circuit and a voltage divider is formed. can be calculated as follows:
.
An effect related to the reorientation experienced by the LC molecules is the change of the capacitance offered by a single LC pixel, . This capacitance depends on the applied voltage because of the dielectric anisotropy of the LC mixture [10] .
In the second experiment, the circuit shown in Fig. 4 is used to determine equivalent parallel resistance and capacitance . In this case is not a rapid voltage step but more gradual and (Eq. 2) [14] :
(2) Fig. 4 . Electrical schematic of electrical parameter measurement circuit, where -voltage applied to LCD, , and -liquid crystal display (see Fig. 1 for detailed parameter descriptions), -measured voltage on LCD, -additional resistance.
After certain amount of time is fully charged, and . Since , , then can be calculated according to the voltage divider formula (Eq. 1).
When is found can be calculated as follows:
(
Total charge accumulated on the capacitor can be obtained by integrating :
Fully charged equivalent capacitor capacity can be calculated as follows:
An LC with high viscosity needs high electric field for operation. In large electric fields, electrical breakdown is likely to occur. Electrical breakdown in the cell is observed when the electric field intensity in the LC layer is above a specific breakdown value . The is governed by the conductivity of the liquid crystal, surface smoothness of the electrodes, defects in coatings as well as point defects, such as dust particles, in the LC layer. The dielectric breakdown in an LC cell is a complicated process discussed elsewhere [15] . Based on the parameters of the equivalent electrical circuit, it is possible to calculate power dissipation on and :
. (6) . (7) 3.
RESULTS AND DISCUSSION
The results obtained for the measurements of equivalent series resistance are shown in Fig. 5 . Two different values were used (5.2Ω, 10.4Ω). The measurements were made at several values ranging from 5V to 195V with 5V increment step. Blue dots represent and orange dots -. The green line represents the mean value of both value measurement data. Pronounced deviation is noticeable in 5V to 30V range. When the LC cell is energized, switching is gradually taking place. This is due to the low rotational force caused by the electric field applied to liquid crystal molecules if they are in the lowest energy state. From 40V to 195V does not depend on the applied voltage and . The results obtained for the measurements of equivalent parallel resistance are shown in Fig. 6 . Dotted blue line represents measured and the orange line -the calculated mean value of in LCD working range of 100V-195V. From 5V to 20V, there is an increase in resistance as it should be with different LC materials (for example, cholesteric LC) were increases up to . In this case, a rapid decrease follows, and parallel resistance decreases to and from 125V to 195V stays within 5 % deviation. Low resistance is explained by the difference of the liquid crystal composition itself. Measured LCD capacitance changes over 5V to 195V range of (see Fig. 7 ). Dotted blue line represents and the orange line -a mean value of in LCD working range of 100V-195V. Measured capacitance from 5V to 45V with a slight drop at 35V. Then, increasing , the capacitance increases to 100V and . Continuing increasing the voltage capacitance, the value changes within 10 % range. Liquid crystal material dielectric permeability depends on the position of the molecules and can be influenced by the external electric field; also depends on the applied electric field and it is not linear. can be reduced by minimising voltage; however, this would affect the LCD switching speeds and optical parameters.
cannot be reduced due to the proportional current required by the LCD to charge its equivalent capacity. Fig. 8 . and power dissipation dependence of , with -1kΩ and over 5V-195V range with 5V increment step. Dissipated power at LCD operational voltage 195V (see Table 2 ) -Blue line:
, orange line: .
CONCLUSIONS

1.
The experimentally obtained dependence of equivalent series, parallel resistance and bistable smectic-A capacity on applied control voltage has been presented in the paper.
The equivalent series
and parallel resistance studies show that stays within manufacturers' provided ITO tolerances and do not depend on applied voltage. resistance is much lower compared to other LCD parallel resistance with different LC materials (for example, cholesteric LC).
3. Capacitance measurements give information about LCDs working range 100V-195V, at which the applied electric field is high enough to be able to rotate LC molecules and change LCD state from transparent to scattering and vice versa. Additional in-depth research should be done in 5V-95V range to fully understand LC molecule threshold voltage at which they start to rotate. 4. Great attention should be paid to power dissipation because with such a low internal parallel resistance LC can quickly reach its temperature limit and LCD will stop working. 5. Simulation model parameters , , will provide sufficient information about electric functionality of large size 300x400mm bistable smectic-A liquid crystal displays and can be integrated into the development of larger systems. Further research will be focused on additional experiments with bistable smectic-A liquid crystal displays due to unknown behaviour in long-term functionality, long-term switching tests to understand degradation boundaries for LC and LCD, driving waveform impact on the power consumption and optical parameters, etc.
